INTRODUCTION
The concept of connecting electronic devices to a virtual network for information exchange has driven the world towards the era of Internet of Things (IoT). As technology evolves rapidly, electronic devices such as smart phones, tablets, and wearables are being replaced before their operational lifespan as new devices with more advanced functions enter into the market [1] . This act can lead to severe environmental problems, as massive amounts of electronic waste (e-waste) may overwhelm landfill sites. The United Nations had reported that global e-waste volume peaked at 41.8 mil tons in 2014 [2] . The e-waste statistics can only trend upward unless there is a paradigm shift in the design and production of electronic devices.
One strategy is to use natural bio-organic materials in the fabrication of electronic devices. Because of their biodegradability and biocompatibility, electronic devices fabricated from natural bio-organic materials can potentially form a sustainable framework to address the environmental problems due to e-waste [3] [4] [5] . These electronic devices can biodegrade over time and eventually disappear at the end of their useful lifetime. One such natural bio-organic material is the gel of Aloe barbadensis Miller (Aloe vera), a succulent plant that is suitable for large-scale cultivation throughout the world. While Aloe vera gel is commonly used for various medical, cosmetic, and nutritional purposes [6] [7] [8] , it has not been used in electronic devices. Aloe vera can be a promising electronic material as suggested by the responses of living Aloe vera plant towards external electrical signals according to Volkov et al [9] [10] [11] [12] . This paper attempts to provide an overview of using Aloe vera gel as a natural electronic material for sustainable development of electronic devices. Previous reports by Cheong et al. [13] [14] [15] [16] had demonstrated that an Aloe vera layer can either function as a passive or an active region depending on the drying temperature. When it functions as a passive region, the Aloe vera layer can behave like an insulator and can potentially to be used as a dielectric layer of an organic field-effect transistor (OFET). On the other hand, an Aloe vera layer functioning as the active region can be repeatedly switched between two extremely low-and high-current-density states, suggesting its potential for application in nonvolatile memories. Aloe vera-based electronic devices can potentially form a framework as the electronics industry evolves towards a green, biodegradable, and sustainable development.
ALOE VERA IN PASSIVE REGIONS OF ELECTRONIC DEVICES
Natural bio-organic materials such as deoxyribonucleic acid (DNA) [17] , nucleobases [18] , sugars [19] , silk [20] , and egg white [21] can be easily processed into insulting thin films for use in passive regions of electronic devices. Depending on its drying temperature, Khor et al. [13] had reported that Aloe vera film exhibits configurable electrical properties that potentiate its applications as passive regions of electronic devices. Figure 1a [13] illustrates the cross-section of a test structure employed to study the effects of drying temperature on the electrical properties of an Aloe vera layer. The Aloe vera layer is sandwiched between a top (TE) and a bottom (BE) electrode. Both TE and BE are Al. The current density−voltage (J−V) of the test structure is measured by applying a sweeping voltage ranges from −10 to 10 V on TE, with the BE grounded all the time. Figure 1b [13] shows the J−V characteristic curves of the test structures prepared by varying the drying temperature of the Aloe vera layer. It can be noticed that current density (at 5 V) recorded in the Aloe vera layer increases from 1.28 × 10 -8 to 5.09 × 10 1 A•cm -2 as the temperature is increased from 40 to 90°C. The authors [13] attribute the increase in current density to the changes in chemical composition of Aloe vera gel. More specifically, chemical changes such as dehydration, crosslinking, and decomposition of Aloe polysaccharides may alter the electronic trap density and hence electrical properties of the Aloe vera layer [13, 22] . This result suggests that electrical properties of the Aloe vera layer can be manipulated by varying the drying temperature, making it a versatile electronic material that can not only function as passive region, but also as active region in electronic devices. FIGURE 1. a) Cross-sectional schematic of the test structure on glass substrate used to study the electrical properties of an Aloe vera layer. TE and BE refers to the top and bottom electrode respectively [13] . b) The J-V characteristics of the test structure with the Aloe vera layer dried at 30, 40, 50, 60, 70, and 90°C [13] .
The Aloe vera layer can be employed as the passive region of electron devices. In this context, the ability to prohibit injection and transport of electrons is critical to achieve a low leakage current in the Aloe vera layer. Khor et al. [14] had reported that addition of oxide nanoparticles in to the passive layer can potentially improve the dielectric properties of organic materials. To improve on the dielectric properties, 1.5 wt% of SiO2 nanoparticles is loaded into the Aloe vera layer. Figure 2 [14] shows the comparison between the J−V characteristics of a pure Aloe vera and a SiO2 nanoparticles-loaded Aloe vera. A slight improvement can be noticed as the current density at 5 V decreases from 1.28 × 10 -8 to 4.90 × 10 -9 A•cm -2 . This reduction in leakage current density can be expected as the authors attribute that appropriate addition of SiO2 nanoparticles can promote crosslinking among Aloe polysaccharides [14] , as supported by similar work by Ueno et al [23] on Ta2O5/Ta films.
FIGURE 2.
A plot of J−V characteristic curves of test structure with pure Aloe vera and Aloe vera loaded with 1.5 wt% of SiO2 nanoparticles [14] .
Taking on the advantage of improved dielectric properties of Aloe vera loaded with SiO2 nanoparticles, Khor et al. [14] demonstrated an n-type OFET based on Aloe vera as the passive dielectric layer and fullerene (C60) as the active semiconducting layer. The inset of Fig. 3 shows the schematic of the bottom-gate top-contact n-type OFET with Aloe vera loaded with 1.5 wt% of SiO2 nanoparticles as the passive dielectric layer. Figure 3 [14] shows the typical output characteristics of the n-type OFET. Two measurements were made, one on the as-fabricated device and another one was made after 14 days, using the identical setup to confirm the reliability of the device without any encapsulation. The output characteristics of the OFET after 14 days show severe degradation in the range of 9.3-94.8% for gate voltage between 0 and 40 V. Khor et al. [14] attributes the degradation of the OFET to the resorption of moisture from the ambient environment. Aloe vera contains a significant amount of -OH terminated compounds, which may contribute to the moisture resorption [22] . Due to its potential application, Al Amin et al. [24] had performed computer simulation to theoretically verify the dielectric properties of the Aloe vera. Based on the simulation results, the authors [24] concluded that Aloe vera appears to be a promising dielectric material to replace the conventional SiO2 transistor gate oxide. The OFET based on Aloe vera loaded with SiO2 nanoparticles as dielectric layer offers a biodegradable, sustainable and disposable platform for electronics fabrication without compromising important performance.
FIGURE 3.
Output characteristics of an OFET fabricated from Aloe vera:SiO2 nanoparticles as the dielectric layer and C60 as the active semiconducting layer [14] . Open symbols represent measurement data of the as-fabricated device. Closed symbols represent measurement data obtained after 14 days. The inset shows the schematic of the OFET [14] .
ALOE VERA IN ACTIVE REGIONS OF ELECTRONIC DEVICES
In addition, an Aloe vera layer can also be employed in the active region of electronic devices. There have been several reports addressing the nonvolatile resistive switching behaviors in natural materials, including tobacco mosaic virus [25] , silk proteins [26] [27] [28] [29] [30] , lysozymes [31] , cellulose nanofiber paper [32] , chitosan [33] , egg white [34] , and DNA [35] . Volkov et al [12] had demonstrated that living Aloe vera plant can induce electrical responses
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with memristor characteristics when a sinusoidal or triangular electric signal is applied across and along the leaves. Although the demonstration does not seem practical for integration into existing electronic manufacturing technology, it has provided a hindsight into using Aloe vera as a natural bio-organic material for electronic applications. Recently, Lim et al. [15] had reported that an Au nanoparticles (AuNPs)-loaded Aloe vera film when sandwiched between two electrodes shows resistive switching behaviors which can be utilized as a resistive randomaccess memory (RRAM) for high-density information storage. The device structure is similar to the dielectric test structure shown in Fig. 1a , with ITO as the BE and Al as the TE. The AuNPs-loaded Aloe vera was dried at 90°C. Figure 4a [15] presents the typical J−V characteristic curves of the RRAM with AuNPs-loaded Aloe vera film as the active material. The device initially recorded a low-current state, which is synonymous to the Boolean '0' or OFFstate of a memory device. By increasing the forward bias sweeping voltage (sweep 1), an increment in current flowing in the active layer is recorded. This slightly high level of current is maintained for all subsequent voltage sweeps (sweep 2-4), and the initial low-current state cannot be restored. This result reveals that AuNPs-loaded Aloe vera film demonstrates potential for application in write-once-read-many (WORM) memory devices [15] . In addition to AuNPs-loaded Aloe vera film, Lim and Cheong [16] had also reported that natural Aloe vera film demonstrates nonvolatile resistive switching in a bottom-up ITO/Aloe vera/Al device structure. The Aloe vera film was dried at 50°C. Figure 4b [16] presents the typical J−V characteristic curves of the Aloe vera-based RRAM. In contrast to the device based on AuNPs-loaded Aloe vera film, this device can be switched repeatedly between a lowcurrent-density and a high-current-density state by applying appropriate voltage sweeps to the terminal electrodes (sweep 1-4) [16] . In sweep 1 (0 to −0.9 V), an extremely low current density (~10 -7 -10 -2 A•cm -2 ) is flowing in the Aloe vera layer, the device is in the OFF-state. The device is set to a high-current-density level at Vset = −0.9 V. In sweep 2, an extremely high current density (~10 -7 -10 -2 A•cm -2 ), which represents the ON-state of the device, is recorded. The transition from OFF-to ON-state is termed as SET, which can serve as the "writing" process of the memory device. The memory device remains in the ON-state during sweep 3 (0 to 3.1 V) before it is switched back to the OFF-state at Vreset = 3.1 V. A subsequent voltage sweep (sweep 4) from 5 to 0 V shows that a low current density is recorded and the device is reset back to the OFF-state. The transition from ON-back to OFF-state is termed as RESET, which can serve as the "erasing" process of the memory device. The memory device feature a reasonably high ON/OFF ratio of 10 3 at Vread = 1.0 V and a wide read memory window of 4.0 V.
Figure 5 [16] shows a representative retention characteristic of the Aloe vera-based memory device. The ONstate current remains relatively constant for 10 4 s, while there is a noticeable increment in the OFF-state current after 10 2 s [16] . This increased leakage current in the OFF-state may be due to gradual degradation of the Aloe vera layer as a result of water resorption. Nevertheless, the memory device can still maintain an ON/OFF ratio of ~10 3 when the measurement data is projected to a 10-year horizon.
050006-4 FIGURE 5.
A representative retention characteristic of the Aloe vera-based memory device [16] .
CONCLUSION
This paper provides an overview of using Aloe vera as a natural bio-organic material for electronic application. As the operational lifespan of electronic devices dwindles, the environmental problems caused by e-waste have driven the search of natural bio-organic materials. Aloe vera appears to be a promising candidate for electronic applications, as demonstrated by a series of electrical responses in living Aloe vera plant when electrical signals are applied to the plant. In addition, a more practical approach has been demonstrated in which natural Aloe vera gel is extracted, formulated, and processed into thin films for use in various passive and active regions of electronic devices. For example, thin films based on natural Aloe vera gel have been utilized as the dielectric layer of an OFET. Furthermore, thin films based on commercial and natural Aloe vera have shown bistable switching characteristics suitable for application as WORM and programmable memories respectively. Although the performances of these devices may deteriorate over time, the versatility and transient properties of Aloe vera gel make them a promising candidate for the development of green, disposable, and all-natural electronics. In the future, the concept of using Aloe vera gel as a bio-organic material for various electronic applications will provide a green and sustainable platform for addressing the challenges between environment, production, and utilization of electronic devices.
